Formation of fast-spreading lower oceanic crust as revealed by a new Mg–REE coupled geospeedometer by Sun, Chenguang & Lissenberg, C. Johan
Earth and Planetary Science Letters 487 (2018) 165–178Contents lists available at ScienceDirect
Earth and Planetary Science Letters
www.elsevier.com/locate/epsl
Formation of fast-spreading lower oceanic crust as revealed by a new 
Mg–REE coupled geospeedometer
Chenguang Sun a,b,∗, C. Johan Lissenberg c
a Department of Earth, Environmental and Planetary Sciences, Rice University, USA
b Department of Geology and Geophysics, Woods Hole Oceanographic Institution, USA
c School of Earth and Ocean Sciences, Cardiff University, UK
a r t i c l e i n f o a b s t r a c t
Article history:
Received 7 October 2017
Received in revised form 26 January 2018
Accepted 29 January 2018
Available online 12 February 2018
Editor: M. Bickle
Keywords:
oceanic crust
cooling rate
crystallization temperature
plagioclase
clinopyroxene
Hess Deep
A new geospeedometer is developed based on the differential closures of Mg and rare earth element 
(REE) bulk-diffusion between coexisting plagioclase and clinopyroxene. By coupling the two elements 
with distinct bulk closure temperatures, this speedometer can numerically solve the initial temperatures 
and cooling rates for individual rock samples. As the existing Mg-exchange thermometer was calibrated 
for a narrow temperature range and strongly relies on model-dependent silica activities, a new 
thermometer is developed using literature experimental data. When the bulk closure temperatures of 
Mg and REE are determined, respectively, using this new Mg-exchange thermometer and the existing 
REE-exchange thermometer, this speedometer can be implemented for a wide range of compositions, 
mineral modes, and grain sizes.
Applications of this new geospeedometer to oceanic gabbros from the fast-spreading East Paciﬁc 
Rise at Hess Deep reveal that the lower oceanic crust crystallized at temperatures of 998–1353 ◦C 
with cooling rates of 0.003–10.2 ◦C/yr. Stratigraphic variations of the cooling rates and crystallization 
temperatures support deep hydrothermal circulations and in situ solidiﬁcation of various replenished 
magma bodies. Together with existing petrological, geochemical and geophysical evidence, results from 
this new speedometry suggest that the lower crust formation at fast-spreading mid-ocean ridges involves 
emplacement of primary mantle melts in the deep section of the crystal mush zone coupled with eﬃcient 
heat removal by crustal-scale hydrothermal circulations. The replenished melts become chemically and 
thermally evolved, accumulate as small magma bodies at various depths, feed the shallow axial magma 
chamber, and may also escape from the mush zone to generate off-axial magma lenses.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Earth’s lower oceanic crust is mainly composed of maﬁc cu-
mulate rocks (e.g., gabbros and gabbronorites), solidifying from 
mantle-derived melts beneath the spreading mid-ocean ridges. 
This cumulate section thus records styles of igneous accretion and 
crustal cooling. Many crustal formation models have been pro-
posed based on petrological observations, deformation structures, 
and geodynamic simulations at various ocean ridge settings and 
ophiolites (e.g., Nicolas et al., 1988; Phipps Morgan and Chen, 
1993; Quick and Denlinger, 1993; Kelemen et al., 1997; Dick et 
al., 2008). Among these, two end-member models for fast spread-
ing mid-ocean ridges are actively debating whether cumulates of 
* Corresponding author at: Department of Earth, Environmental and Planetary 
Sciences, Rice University, USA.
E-mail address: csun@rice.edu (C. Sun).https://doi.org/10.1016/j.epsl.2018.01.032
0012-821X/© 2018 The Authors. Published by Elsevier B.V. This is an open access articlethe lower oceanic crust crystalize mainly in a shallow melt lens 
(e.g., Phipps Morgan and Chen, 1993; Quick and Denlinger, 1993;
Coogan et al., 2007; Faak et al., 2015) or in situ solidify largely 
from magma sills at various depths (e.g., Nicolas et al., 1988;
Kelemen et al., 1997; Lissenberg et al., 2004; Maclennan et al., 
2005; VanTongeren et al., 2008, 2015; Natland and Dick, 2009). The 
former postulates much slower cooling in the deeper crust (i.e., 
near-conductive cooling), whereas the latter necessitates eﬃcient 
heat removal by hydrothermal circulations throughout the entire 
crust. Thus, a key to distinguishing these two models is the cool-
ing history of the lower crust at fast-spreading mid-ocean ridges.
Geospeedometers have the ability to extract cooling informa-
tion of natural rocks from mineral compositions using analyti-
cal or numerical models (e.g., Dodson, 1973; Eiler et al., 1992;
Ganguly and Tirone, 1999; Costa et al., 2003; Müller et al., 2013;
Watson and Cherniak, 2015; Liang, 2017). Applying the closure 
temperature equation of Dodson (1973) to Ca in olivine, two re-
search groups estimated cooling rates of oceanic gabbros from the  under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
166 C. Sun, C.J. Lissenberg / Earth and Planetary Science Letters 487 (2018) 165–178Fig. 1. Plots showing (a) the variations of temperatures (TMg) calculated using the plagioclase–clinopyroxene Mg-exchange thermometer of Faak et al. (2013) as a function 
of silica activity and (b) the differences of two existing silica activity models for a basaltic system. Light yellow region in (a) indicates the temperature calibration range for 
the thermometer of Faak et al. (2013). A ﬁxed Mg partition coeﬃcient (KMg = 0.01) and two plagioclase compositions (An50 and An80; An50 denotes 50 mol% anorthite in 
plagioclase) were used in (a). Inset in (b) shows the silica activity model expressions of Faak et al. (2015) and Carmichael (2004), in which T is temperature in K, R is the 
gas constant, and X denotes the oxide molar fraction. The melt in (b) used for Carmichael’s model has a typical basaltic composition (i.e., 022005-1522 used in Faak et al., 
2013). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)Oman ophiolite, an analogue of fast-spreading mid-ocean ridges, 
but obtained highly controversial results: one showed slower cool-
ing rates consistent with near-conductive cooling (e.g., Coogan et 
al., 2007), whereas the other found higher cooling rates supporting 
deep hydrothermal cooling (VanTongeren et al., 2008). The reasons 
for their discrepancies remain unclear, but their approaches may 
involve uncertainties arising from the Dodson-type assumptions: 
(1) negligible inﬂuences of initial temperatures and (2) surround-
ing clinopyroxene acting as an inﬁnite reservoir.
Using their newly developed Mg-in-plagioclase geospeedome-
ter, Faak et al. (2015) argued that cooling rates derived from their 
1-D grain-scale diffusion modeling support near-conductive cool-
ing of the lower crust at the East Paciﬁc Rise (EPR). However, 
in addition to the Dodson-type assumptions, results of Faak et 
al. (2015) are also likely subject to uncertainties from their Mg-
exchange thermometer (Faak et al., 2013) and 1-D plane sheet 
approximation. Particularly, Faak et al.’s thermometer has a strong 
dependence upon silica activities that can only be calculated us-
ing existing activity models (Fig. 1a–b). Silica activities in a typical 
basaltic system buffered by olivine and orthopyroxene appear to 
differ by a factor of two between the models of Faak et al. (2015)
and Carmichael (2004) (Fig. 1b), corresponding to 100–200 ◦C dif-
ferences in Faak et al.’s thermometer (cf. Fig. 1a). Because Faak 
et al.’s thermometer was calibrated only at 1100–1200 ◦C for pla-
gioclase with 50–80 mol% anorthite, it is unclear how accurately 
their thermometer can be extrapolated to lower temperatures (e.g., 
700–900 ◦C; Faak et al., 2015), at which Mg in gabbros has been 
extensively reset by diffusion. Although the 1-D plane sheet dif-
fusion model is easy to implement, it is likely inadequate for 3-D 
shaped crystals with substantial diffusive resetting (e.g., Ganguly 
and Tirone, 1999; Costa et al., 2003).
In this study, we present a new Mg–REE coupled speedometer 
for plagioclase- and clinopyroxene-bearing rocks that could over-
come the aforementioned limitations regarding the Dodson-type 
assumptions, silica activities, applicable temperatures and 1-D ge-
ometry. Using the bulk closure temperatures of REE and Mg, this 
speedometer can simultaneously determine the initial tempera-
tures and cooling rates of individual samples. The bulk closure 
temperatures of REE can be calculated using the REE-exchange 
thermometer of Sun and Liang (2017), while those of Mg can be 
determined using a new Mg-exchange thermometer calibrated at 
800–1430 ◦C. Applying this speedometer to oceanic gabbros from 
the Hess Deep rift valley (Lissenberg et al., 2013), we show that the lower crust of EPR at Hess Deep formed by in situ solidiﬁcation 
of axial and off-axial magma intrusions at various depths with eﬃ-
cient heat removal through crustal-scale hydrothermal circulations.
2. Developing a Mg–REE coupled speedometer
2.1. Basic concept
The basis of geospeedometry using bulk closure temperatures 
was initially deﬁned by Dodson (1973) for diffusion in a single 
crystal and has recently been extended to polycrystalline petro-
logical systems (e.g., Eiler et al., 1992; Ehlers and Powell, 1994;
Yao and Liang, 2015; Liang, 2017). In general, the bulk closure 
temperature (Tc) of an element of interest ( j) in two coexisting 
minerals (α and β) can be described as,
T jc = f
(
T0,dT /dt,G
j
α/β
)
, (1a)
G jα/β =
{
D jα, D
j
β, K
j
α/β,φα,φβ, Lα, Lβ
}
, (1b)
where f denotes an unspeciﬁed expression; T0 and dT /dt are the 
initial temperature and cooling rate, respectively; and G is a set 
of variables, including diffusion coeﬃcients (D), partitioning coef-
ﬁcients (K ), mineral proportions (φ), and grain radii (L) of the two 
minerals. Notably, initial temperatures of cumulate rocks can be 
regarded as the mean temperatures of cumulus crystallization be-
cause of their simple monotonic cooling histories subsequent to 
crystallization. As two elements with different diffusivities have 
distinct closure temperatures, when considered together the two 
elements could uniquely constrain both the cooling rate and ini-
tial temperature. The initial concept was brieﬂy discussed in Sun 
and Liang (2017) for understanding the different temperatures de-
rived from their REE-exchange thermometer and the Mg-exchange 
thermometer of Faak et al. (2013). A similar concept has also been 
used in Watson and Cherniak (2015) with a focus on diffusive re-
laxation of stepwise concentration proﬁles in single crystals. Here 
we further pursue this idea to develop a new speedometer by cou-
pling the bulk closure temperatures of slowly diffusing REE and 
fast diffusing Mg in coexisting plagioclase and clinopyroxene.
In oceanic gabbros, plagioclase and clinopyroxene are the two 
main rock-forming minerals, co-crystallizing from the relatively dry 
basaltic magmas that characterize mid-ocean ridges over an ex-
tended temperature interval (e.g., Grove et al., 1992). According to 
C. Sun, C.J. Lissenberg / Earth and Planetary Science Letters 487 (2018) 165–178 167Fig. 2. Plots showing (a) bulk closure temperatures of REE (red curves) and Mg (blue curves) in a plagioclase–clinopyroxene assemblage (φplg = φcpx; Lplg = Lcpx) as a function 
of effective cooling rate (see deﬁnition in Appendix A.2) and initial temperature and (b) the differences in bulk closure temperatures between REE and Mg against REE bulk 
closure temperatures for four initial temperatures (thick red curves) and a range of cooling rates (thin blue curves). Error envelopes mark the uncertainties due to a factor 
of two variations in Mg and REE diffusivities in plagioclase (cf. Fig. A.1). Yellow markers denote six representative samples. Among them, A, B , C , and D have the same 
initial temperature but different cooling rates, whereas E and F indicate anomalous examples possibly due to uncertainties of the bulk closure temperatures and/or complex 
cooling histories. Vertical grey lines in (a) link the bulk closure temperatures of REE and Mg for the same cooling rates. The Mg bulk closure temperatures of points A, B and 
E in (a) are below the plotted temperature interval (900–1350 ◦C). The REE bulk closure temperature of point D in (a) overlaps with its Mg bulk closure temperature. (For 
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)the aforementioned concept, the bulk closure temperatures of Mg 
and REE in coexisting plagioclase and clinopyroxene from the same 
gabbro sample should follow two different equations,
TMgc = f
(
T0,dT /dt,G
Mg
plg/cpx
)
, (2a)
T REEc = f
(
T0,dT /dt,G
REE
plg/cpx
)
. (2b)
Thus, the two unknowns, T0 and dT /dt , can be solved simulta-
neously for individual samples through a root-ﬁnding algorithm 
when two conditions are met: (1) bulk closure temperatures of 
REE and Mg are determined accurately and (2) expressions of 
Eq. (2a)–(2b) are established explicitly. The REE-exchange ther-
mometer of Sun and Liang (2017) was calibrated against exper-
imentally determined REE partitioning data for plagioclase-melt 
(Sun et al., 2017) and clinopyroxene-melt systems (Sun and Liang, 
2012), respectively. As demonstrated by Sun and Liang (2017), 
their thermometer is independently testable by volcanic samples 
from the literature and thus can determine REE bulk closure tem-
peratures with conﬁdence. A new Mg-exchange thermometer is 
presented in Section 2.2 for accurate constraints on Mg bulk clo-
sure temperatures. Expressions of Eq. (2a)–(2b) can then be ob-
tained explicitly using the numerical methods in Appendix A.
To illustrate the concept and limitations of this speedometry, 
we performed numerical simulations for bulk diffusion in a cool-
ing plagioclase–clinopyroxene aggregate with equal mineral modes 
(φplg = φcpx), uniform grain radii (Lplg = Lcpx). Plagioclase was as-
sumed with 65 mol% anorthite. The imposed cooling proﬁles cover 
equilibrium initial temperatures from 1000 to 1400 ◦C and effec-
tive cooling rates from 10−7 to 103 ◦C/yr·mm2 (see deﬁnition in 
Appendix A.2). Potential errors due to diffusivities were examined 
by assigning a factor of two uncertainties to REE and Mg diffusion 
coeﬃcients in plagioclase (cf. Fig. A.1). The diffusivity uncertainties 
do not result in obvious variations in the bulk closure temperatures 
of slowly-diffusing REE (orange envelopes in Fig. 2a), but give rise 
to ∼0–20 ◦C variations in the bulk closure temperatures of fast-
diffusing Mg (blue envelopes in Fig. 2a). The small variations of 
Mg closure temperatures correspond to about a factor of two er-
rors in cooling rates (blue envelopes in Fig. 2b). In Fig. 2a, bulk 
closure temperatures of REE (red curves) and Mg (blue curves) can 
be divided into two characteristic regimes (slow- and fast-cooling 
regimes, respectively) according to their responses to cooling rates (Fig. 2a). Boundaries of these two regimes correspond to the bulk 
closure temperatures for a “suﬃciently high initial temperature”. 
This initial condition was ﬁrst used in Dodson (1973) to formulate 
closure temperatures in single crystals. For this historical reason, 
here we deﬁned the two boundaries as the Dodson limits. Note that 
the Dodson limit for an element of interest should also varies with 
dT /dt and G (Eq. (2a)–(2b)).
The upper boundary in Fig. 2b shows maximum differences in 
the bulk closure temperatures between REE and Mg and effectively 
represents the Dodson limit of REE. Along the Dodson limit of REE 
(e.g., point A in Fig. 2b), both Mg and REE bulk closure tempera-
tures lose the memory of initial conditions (red curves in Fig. 2b), 
so they could only constrain accurate cooling rates (blue curves in 
Fig. 2b) and lower limits of initial temperatures. Below the Dodson 
limit of REE (e.g., points B and C in Fig. 2b), the bulk closure tem-
peratures of Mg and REE can partially retain memories of initial 
conditions and cooling rates, and therefore coupling the two could 
uniquely solve the cooling path. For very rapid cooling (e.g., point 
D in Fig. 2b), bulk closure temperatures of Mg and REE may only 
record initial conditions with lower limits of cooling rates. When 
the bulk closure temperatures of Mg and REE in a polycrystalline 
sample can be accurately constrained using exchange thermome-
ters, one could use Fig. 2b to determine the initial temperature 
and cooling rate together. However, this new speedometer is un-
suitable for samples beyond the Dodson limit of REE (e.g., point E
in Fig. 2b) or below the initial temperature (e.g., point F in Fig. 2b), 
which possibly have inaccurate estimations of bulk closure tem-
peratures and/or more complex thermal histories. Through Monte 
Carlo simulations (Fig. S1), we found that uncertainties of the ini-
tial temperatures are mainly from REE bulk closure temperatures 
while those of the cooling rates are mostly from Mg bulk clo-
sure temperatures. When the closure temperatures approach the 
Dodson limit in Fig. 2b, uncertainties of the initial temperatures 
become signiﬁcantly greater due to errors in Mg bulk closure tem-
peratures (cf. Fig. S1b).
Because the mineral mode, grain size, and composition-
dependent diffusion and partition coeﬃcients all together deter-
mine the diffusive exchange between plagioclase and clinopyrox-
ene (Appendix A), applications of this Mg–REE coupled speedom-
etry require a substantial amount of numerical simulations to 
constrain the exact relations between bulk closure temperatures 
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reduce the numerical calculations for individual cases, we ran 
1.575 × 105 diffusion simulations and calculated the bulk closure 
temperatures of Mg and REE for a wide range of initial temper-
atures (700–1400 ◦C), cooling rates (10−7–106 ◦C/yr·mm2), pla-
gioclase compositions (An29–87), mineral proportions (φplg/φcpx =
0.01−100), and grain radii (Lplg/Lcpx = 0.1−10). The numerical so-
lutions were collected in a multi-dimensional grid that can be used 
to interpolate the expressions of Eq. (2a)–(2b) for inverse calcula-
tions of initial temperatures and cooling rates. A simple Matlab®
script is provided in the Supplementary Materials for interested 
users to automate these inverse calculations using our numeri-
cal solutions. In the following sub-sections, we ﬁrst calibrate a 
new Mg-exchange thermometer and then show the effects of pla-
gioclase composition, mineral proportion, and grain radius on the 
bulk closure temperatures of Mg and REE.
2.2. Calibration of a new Mg-exchange thermometer
2.2.1. Calibration strategy
The basis of an exchange thermometer is the temperature-
sensitive exchange reaction for an element of interest between co-
existing minerals. Here we suggest that Mg exchange between pla-
gioclase (plg) and clinopyroxene (cpx) is coupled with Ca through 
the following reaction,
[
Mg∗
]
cpx + [CaAl2Si2O8]plg =
[
Ca∗
]
cpx + [MgAl2Si2O8]plg, (3a)
where [Mg∗]cpx and [Ca∗]cpx indicate Mg- and Ca-bearing end-
member components in clinopyroxene (e.g., –Al2SiO6, –MgSi2O6, 
or –CaSi2O6). This reaction does not imply a negligible effect of 
silica activities on Mg partitioning. Although not directly measur-
able in natural petrological systems, silica activities may inﬂuence 
the mineral major compositions as well as the equilibrium phase 
relations, for instance, through
[CaAl2Si2O8]plg = [SiO2] + [CaAl2SiO6]cpx. (3b)
An obvious advantage of Eq. (3a) is that it can simply describe 
Mg exchange without involving activity terms or additional phases, 
which allows the development of a new Mg-exchange thermome-
ter independent of silica activities.
According to Eq. (3a), the Mg partition coeﬃcient (KMg) can be 
described as
ln KMg = ln
(CplgMg∗
CcpxMg∗
)
= −H + PV
RT
+ S
R
− ln
(
acpxCa∗
aplgCa∗
γ
plg
Mg∗
γ
cpx
Mg∗
)
,
(4a)
where H , V , and S , are changes of enthalpy, volume, and en-
tropy, respectively, for the exchange reaction; aCa* is the activity 
of a Ca-bearing component; γ Mg* is the activity coeﬃcient of a 
Mg-bearing component; CMg* is the concentration of a Mg-bearing 
component; and P is pressure. The activity of Ca-component in 
plagioclase (i.e., anorthite) is a function of temperature and anor-
thite content in plagioclase (e.g., Holland and Powell, 1992). A sim-
ilar function may also be applicable for the activity coeﬃcient of 
Mg-component in plagioclase. If aCa* and γMg* in clinopyroxene 
are less important, Eq. (4a) can be simpliﬁed as
ln KMg = b0 + b1 + b2 × P
T
+ f (XAn), (4b)
where b0, b1, and b2 are coeﬃcients corresponding to S/R , 
−H /R , and −V /R , respectively; XAn is the anorthite content 
in plagioclase [XAn = Ca/(Ca+Na+K), in molar unit]; and f (XAn) is a composition correction term for aCa* and γMg* in plagioclase 
and likely follows a quadratic expression (e.g., Holland and Powell, 
1992; Sun et al., 2017).
Many phase equilibria studies experimentally produced plagio-
clase and clinopyroxene coexisting with silicate melts and other 
minerals (see Table S1). Through a routine procedure of electron 
microprobe analyses, Mg could be accurately determined in sil-
icate melts and clinopyroxene but is relatively more diﬃcult to 
measure in plagioclase, because Mg is highly incompatible in pla-
gioclase. Thus, the data qualities of Mg in plagioclase are not uni-
form among existing phase equilibria studies. This issue, however, 
can be eliminated if reliable plagioclase-melt Mg partition coeﬃ-
cients are available for individual experiments. Recently, Sun et al.
(2017) developed a new set of parameterized lattice strain mod-
els for trace element partitioning between plagioclase and silicate 
melt. They showed that their models not only reproduce experi-
mental partitioning data (1127–1410 ◦C; XAn = 0.41−0.98) better 
than previous models but are also testable by phenocryst-melt 
partitioning data (1000–1216 ◦C; XAn = 0.29−0.82). With the par-
titioning model of Sun et al. (2017), we can then use existing phase 
equilibria data to calibrate the plagioclase–clinopyroxene Mg parti-
tioning model (Eq. (4b)).
2.2.2. Calibration results and model tests
We used the LEPR database of experimental studies (http :/ /
lepr.ofm-research .org) as guidance and selected 43 phase equilibria 
studies that reported coexisting plagioclase, clinopyroxene, and sil-
icate melt. To minimize kinetic effects on major elements (e.g., Al 
and Si) in plagioclase and clinopyroxene, we excluded experiments 
that were conducted at low temperatures for short durations (i.e., 
<24 h at ≤1100 ◦C, and <12 h at ≤1250 ◦C). Experiments with 
less than 0.5 wt% MgO in silicate melts were also excluded to avoid 
possibly large analytical errors. After ﬁltering, we obtained 304 ex-
periments that cover a broad range of temperatures (800–1430 ◦C), 
pressures (1 atm–2.7 GPa), and compositions (melt SiO2 = 40–74 
wt%; plagioclase An = 28–100; clinopyroxene Mg# = 26–100, 
where An = 100 × XAn and Mg# = 100 × Mg/(Mg + Fe), in molar 
unit; see details in Table S1). Using the partitioning model of Sun 
et al. (2017), we calculated plagioclase-melt Mg partition coeﬃ-
cients (0.009–0.047) for individual experiments and then obtained 
MgO contents in plagioclase from the reported MgO abundances in 
silicate melts. The melt-derived MgO concentrations in plagioclase 
(0.007–0.550) are generally smaller than the reported MgO data of 
plagioclase by about a factor of 1.5 (see Table S1).
Through multiple linear regression analyses of the plagioclase–
clinopyroxene Mg partition coeﬃcients, we determined the explicit 
expression of Eq. (4b) through two steps. First, we excluded the 
8 silica-saturated experiments in our initial calibration but found 
that this initial model can well reproduce the silica-saturated 
Mg partitioning data. Thus, including these silica-saturated exper-
iments in our ﬁnal calibration, we obtained the following expres-
sion to describe Mg partitioning between plagioclase and clinopy-
roxene,
ln KMg = 5.15(±0.27) − 14265(±369) + 487(±38)P
2
T
+ 0.75(±0.10)X2An, (5)
where T is temperature in K; P is pressure in GPa; and uncertain-
ties in parentheses are 1σ directly obtained from the regression. 
A second order pressure term appears to be necessary to better 
ﬁt the Mg partitioning data, but pressure is insigniﬁcant under 
oceanic crustal conditions (≤2 kbar). Re-arranging Eq. (5) gives 
the following expression for a new thermometer based on Mg ex-
change between plagioclase and clinopyroxene,
C. Sun, C.J. Lissenberg / Earth and Planetary Science Letters 487 (2018) 165–178 169Fig. 3. Comparisons between experimental temperatures and thermometer-predicted values for 304 phase equilibria experiments from 43 studies in the literature (a) and for 
18 diffusion experiments from Faak et al. (2013) (b). Grey regions in (a) and (b) indicate the temperature calibration range of the thermometer of Faak et al. (2013). Predicted 
temperatures in (a) were calculated using the thermometer of this study (Eq. (6)), while those in (b) were calculated using two different thermometers (this study vs. Faak 
et al., 2013). Inset in (b) displays the distinct temperature dependences between the two thermometers for a given plagioclase (XAn = 0.85). Note that the gabbro-relevant 
partitioning data of Faak et al. (2013) were used as independent tests of our new thermometer. SE in (a) denotes the standard error of our new thermometer (Eq. (6)). See 
Table S1 for details of the phase equilibria experiments used for our thermometer calibration. (For interpretation of the references to color in this ﬁgure legend, the reader is 
referred to the web version of this article.)T (K ) = 14265(±369) + 487(±38)P
2
− ln KMg + 5.15(±0.27) + 0.75(±0.10)X2An
. (6)
Fig. 3a shows that Eq. (6) reproduces the wide range of temper-
atures (800–1430 ◦C) for all 304 experiments to within ±50 ◦C 
regardless of the mineral assemblages (olivine, orthopyroxene, 
quartz, and others including amphibole, garnet, mica, ilmenite, 
rutile, and spinel) coexisting with plagioclase, clinopyroxene and 
melt. The absolute differences between the experimental tempera-
tures and the thermometer-derived values average 29 ◦C, indicating 
the standard error of this new thermometer.
Given the diverse compositions and phase assemblages of the 
304 experiments, it is diﬃcult to estimate the silica activities of 
all experiments and to make a fair comparison between this ther-
mometer and the silica activity-dependent thermometer of Faak et 
al. (2013). To further test this new thermometer for gabbroic sys-
tems, we applied it to the silica-free partitioning data of Faak et 
al. (2013), which were determined from 18 diffusion experiments 
with plagioclase crystals surrounded by clinopyroxene or gabbro 
powders. Importantly, for the 18 diffusion experiments, tempera-
tures calculated using Eq. (6) agree well with the run temperatures 
(red hexagrams in Fig. 3b). The relative differences between these 
two are within the standard error of our new thermometer and are 
also comparable to the calibration uncertainties of the thermome-
ter of Faak et al. (2013 white triangles in Fig. 3b). This establishes 
an independent validation of this new thermometer particularly for 
applications to ocean gabbros. Although consistent with our new 
thermometer at 1100–1200 ◦C, Faak et al.’s thermometer generates 
systematically lower temperatures at <1100 ◦C due to excessive 
extrapolations (see inset in Fig. 3b).
2.3. Effects of mineral composition, size, and volume on bulk closure 
temperatures
Following the numerical methods described in Appendix A, we 
simulated the bulk closure temperatures of Mg and REE in cool-
ing plagioclase–clinopyroxene aggregates for variable plagioclase 
compositions, mineral modes and grain sizes. For the purpose 
of demonstration, we used ﬁve choices of effective cooling rates 
(10−3, 10−2.5, 10−2, 10−1.5, and 10−1 ◦C/yr·mm2; see deﬁnition in 
Appendix A.2) at an initial temperature of 1150 ◦C. The compo-
sitional effect was manifested through simulations for plagioclase with 25–90 mol% anorthite, uniform crystal sizes and equal modal 
proportions of plagioclase and clinopyroxene. As the effective cool-
ing rate incorporates the variation of uniform grain size, the ef-
fect of grain sizes was analyzed numerically using simulations 
for differentiated crystal radii between plagioclase and clinopyrox-
ene (Lplg/Lcpx = 0.1–10). The effect of mineral modes was sin-
gled out in simulations with various ratios of mineral proportions 
(φplg/φcpx = 0.1–100), uniform crystal sizes and plagioclase with 
65 mol% anorthite. The simulation results are shown in Fig. 4.
The bulk closure temperatures of REE vary within a narrow 
range (< ∼20 ◦C) near the initial cooling temperature, whereas 
those of Mg cover a wide range and deviate signiﬁcantly from the 
initial temperatures (Fig. 4). In a given plagioclase–clinopyroxene 
aggregate, the bulk closure temperatures of Mg decrease by 
∼150 ◦C as the effective cooling rate decreases from 10−3 to 
10−1 ◦C/yr·mm2, indicating the sensitivity of Mg bulk closure 
temperatures to cooling rates. However, the bulk closure temper-
atures of Mg also show considerable variations with plagioclase 
compositions, grain radii, and mineral modes. Due to the strong 
dependence of Mg diffusivities on anorthite in plagioclase, Mg 
bulk closure temperatures increase by ∼150 ◦C with the increase 
of anorthite in plagioclase from 25 to 90 mol% (Fig. 4a). When 
the differential grain size (Lplg/Lcpx) increases from 0.1 to 10, Mg 
bulk closure temperature increases by ∼300 ◦C (Fig. 4b). Because 
we took clinopyroxene grain size as the reference, an increase of 
differential grain size simply indicates a relative increase of pla-
gioclase grain radii and hence induces a higher Mg bulk closure 
temperature. As the effective cooling rate was deﬁned as the prod-
uct of actual cooling rate and the square of clinopyroxene grain 
radius, a larger clinopyroxene size induces a greater effective cool-
ing rate and hence also increases the Mg bulk closure temperature. 
Notably, this indicates that the role of clinopyroxene size cannot 
be omitted for modeling Mg diffusion between plagioclase and 
clinopyroxene.
An increase of ∼100 ◦C in Mg bulk closure temperatures ap-
pears when the relative mineral mode (φplg/φcpx) increases from 
0.1 (clinopyroxene-rich) to 100 (plagioclase-rich) (Fig. 4c). In the 
two end-member cases, Mg bulk closure temperatures are mainly 
controlled by diffusion in the minor phases while the major ones 
serve as “inﬁnite” reservoirs (e.g., Liang, 2014). Speciﬁcally, Mg 
bulk closure temperatures are governed by its diffusion in pla-
gioclase for the clinopyroxene-rich end-member but by its diffu-
170 C. Sun, C.J. Lissenberg / Earth and Planetary Science Letters 487 (2018) 165–178Fig. 4. Plots showing the variations of REE and Mg bulk closure temperatures in 
plagioclase–clinopyroxene aggregates as a function of anorthite contents in pla-
gioclase (An; (a)), relative grain radii (Lplg/Lcpx; (b)) and relative mineral modes 
(φplg/φcpx; (c)). Bulk closure temperatures were calculated using effective cooling 
rates of 10−3, 10−2.5, 10−2, 10−1.5, and 10−1 ◦C/yr·mm2 (see deﬁnition in Ap-
pendix A.2) at an initial equilibrium temperature of 1150 ◦C. Methods of diffusion 
simulations are outlined in Appendix A, and necessary conditions for different sim-
ulations are shown as insets in individual plots.
sion in clinopyroxene for the plagioclase-rich end-member. As Mg 
diffusion coeﬃcients in clinopyroxene are about one to three or-
ders of magnitude smaller than those in plagioclase (Fig. A.1d), 
Mg bulk closure temperatures in the plagioclase-rich end-member 
are signiﬁcantly greater than those in the clinopyroxene-rich end-
member. The closure temperature variations between these two end-members thus show the relative roles of plagioclase and 
clinopyroxene. Importantly, the dependence of Mg bulk closure 
temperatures on mineral modals becomes negligible only when 
φplg/φcpx < ∼2, indicating the limitation for treating clinopyrox-
ene as an inﬁnite reservoir.
Because of the much faster diffusivities in plagioclase and 
clinopyroxene, Mg bulk closure temperatures are more responsive 
than those of REE to changes in cooling rate, composition, mineral 
mode, and grain radius. Despite the small inﬂuences of individ-
ual factors, a combination of them may alter REE bulk closure 
temperatures by >50 ◦C when the cooling rate is very slow (e.g., 
<0.001 ◦C/yr·mm2). The overall variations of Mg bulk closure tem-
peratures induced by cooling rates, however, are comparable to or 
even smaller than those due to changes in compositions, mineral 
modes, or grain sizes. Hence, the knowledge of plagioclase com-
positions, grain radii, and mineral modes is critical to accurately 
estimate cooling rates and initial temperatures. The simulation re-
sults shown in Fig. 4 can also be used as references for potential 
errors of bulk closure temperatures as well as cooling rates due to 
uncertainties in plagioclase compositions, grain radii, and mineral 
modes.
3. Application to the lower oceanic crust at Hess Deep
The lower oceanic crust at Hess Deep rift valley formed at EPR 
∼1.3 Myr ago (e.g., Rioux et al., 2012). As a reference section 
for crust formation at fast-spreading ridges, this cumulate section 
has been mapped and sampled in several previous studies (e.g., 
Karson et al., 2002; Lissenberg et al., 2013; Gillis et al., 2014). In 
particular, the recent study of Lissenberg et al. (2013) reported 
gabbroic samples with detailed petrographic descriptions, recon-
structed stratigraphic depths, and mineral major element composi-
tions. Among those, 15 samples were also analyzed for REE in both 
plagioclase and clinopyroxene and thus are suitable for applying 
our new Mg–REE coupled geospeedometer. For accurate determi-
nation of cooling rates and initial temperatures, we measured the 
average grain sizes of plagioclase and clinopyroxene in 46 samples 
including those with REE data. The average grain sizes of plagio-
clase were taken as the arithmetic means of average long (length) 
and short (with) dimensions. Detailed data of the 46 samples are 
listed in Table S2.
To check the reliability of plagioclase Mg data from Lissenberg 
et al. (2013), we re-analyzed Mg in plagioclase from 6 representa-
tive samples using a wavelength-dispersive detector mounted on a 
Zeiss Sigma HD ﬁeld emission gun scanning electron microscope. 
We used a 20 kV acceleration voltage, high beam current (53 nA), 
and counting times of 120 s on peak and 60 s off peak. Accuracy 
and precision was monitored by replicate analysis (n = 12) of the 
Astimex plagioclase standard (Mg = 0.06 wt%), which yielded Mg 
(wt%) = 0.055 ± 0.004 (±2σ ). The new Mg data for Hess Deep 
plagioclase correlate very well with the data of Lissenberg et al.
(2013) (Fig. S2), indicating that the latter are robust.
3.1. Sample characteristics
The 46 Hess Deep samples cover a reconstructed section of 
4.35 km in the lower oceanic crust below the dike-gabbro transi-
tion (DGT) and include one tonalite, one diorite, 16 gabbronorites, 
and 28 (olivine) gabbros with a wide range of mineral modes 
(φplg/φcpx = 0.9–6.7). The average grain sizes of plagioclase and 
clinopyroxene are 0.4–4.1 mm and 0.4–5.5 mm, respectively. The 
compositions of plagioclase and clinopyroxene show complex vari-
ations on grain scales, which were attributed to reactive transport 
of melts through crystal mushes in the lower oceanic crust by 
Lissenberg et al. (2013) and Lissenberg and MacLeod (2016). To 
capture the stratigraphic variations of mean mineral compositions, 
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stratigraphic positions below the dike-gabbro transition (DGT). Error bars denote the standard errors of the average values, indicating the grain-scale variations of the mineral 
compositions.we calculated the average concentrations of major elements and 
REE in plagioclase and clinopyroxene for individual samples (Ta-
ble S3). Both rims and cores of mineral grains were taken into 
account to better represent the average. With decreasing strati-
graphic depth (4.35–0 km), anorthite contents in plagioclase de-
crease from 87.1 to 44.4, the average Mg# in clinopyroxene de-
crease from 87.5 to 66.4, whereas the average REE concentrations 
become enriched by about one order of magnitude (e.g., La =
0.17–2.55 ppm in clinopyroxene; La = 0.26–1.87 ppm in plagio-
clase; Fig. 5). Along the stratigraphy, zigzag patterns appear on the 
scale of about tens to hundreds of meters.
3.2. Bulk closure temperatures
Applying the Mg- and REE-exchange thermometers to the aver-
age mineral compositions, we calculated the bulk closure tempera-
tures of Mg and REE for the Hess Deep samples. Because changing 
pressure from 0.5 to 2 kbar results in only ∼2 ◦C differences in 
the calculated temperatures for Mg and REE, an average pressure 
of 1 kbar was used in all samples. Results of temperature calcula-
tions are summarized in Table S2, while the individual calculations 
of REE bulk closure temperatures are shown in Fig. S3.
The calculated REE closure temperatures for 15 samples with 
REE data (1040–1283 ◦C) display a strong positive linear corre-
lation with plagioclase compositions (An = 50–81; red squares 
in Fig. 6a). The linear relation between REE closure temperatures 
(T REE) and plagioclase anorthite contents can be simply described 
through the following expression with a standard error of ±20 ◦C,
TREE (
◦C) = 653+ 7.62 · An. (7)
Using Eq. (7) we then empirically estimated the analogues of REE 
closure temperatures for 31 samples without REE data (998 to 
1294 ◦C; An = 45.4–84.2). The calculated Mg closure temperatures 
(904–1128 ◦C) for all 46 samples do not show evident correlations 
with plagioclase anorthite contents (blue circles in Fig. 6a). For the 
15 samples with REE data, Mg closure temperatures are 39–320 ◦C 
smaller than REE closure temperatures, well below the Dodson 
limits (Figs. 6b and S3). For 29 samples without REE data, the dif-
ferences between Mg closure temperatures and the analogues of 
REE closure temperatures (4–317 ◦C) are also below the Dodson 
limits (Figs. 6b and S3). Thus, 44 of the 46 Hess Deep samples are 
suitable for applying the Mg–REE coupled speedometer.3.3. Cooling histories
Using the Mg–REE coupled speedometry outlined in Section 2.1, 
we calculated the initial temperatures and cooling rates for the 
44 samples. Errors of the cooling rates were estimated accord-
ing to the calibration uncertainty (±29 ◦C) of our Mg-exchange 
thermometer. Given the small discrepancies (1–16 ◦C) of Mg bulk 
closure temperatures derived from the Lissenberg et al. (2013) data 
and dedicated analyses (Fig. S2 and Table S2), this calibration un-
certainty is considered as the maximum errors of Mg bulk closure 
temperatures. Errors of the initial temperatures are taken from the 
REE bulk closure temperatures or calculated according to the errors 
of Mg bulk closure temperatures, among which the larger values 
were used for individual samples (see reasoning in Fig. S1). The 
inversion results are listed in Table S2 and are shown as a func-
tion of stratigraphic depths in Fig. 6c–d. Inversion calculations are 
displayed in Fig. S4.
The inverted initial temperatures (998–1353 ◦C) are slightly 
greater than the REE closure temperatures and their analogues de-
rived from Eq. (7). The discrepancies for the 15 samples with REE 
data are less than 14 ◦C, while those for the 29 samples with-
out REE data appear to be less than 30 ◦C with one exception 
(59 ◦C; JC21-69R-11). The overall smaller differences demonstrate 
that REE were not subject to extensive diffusive re-distribution 
in Hess Deep gabbros. Along the stratigraphy, the initial tem-
peratures generally decrease from the bottom up with many 
small-scale variations. Near the DGT, the initial temperatures 
cover a broad range (998–1125 ◦C) within a small depth inter-
val (0–56 m) and are systematically lower than those from below 
(1096–1353 ◦C). The highest temperature (1353 ± 60 ◦C) appears 
at 3523 m and is 97–133 ◦C greater than those near the bottom 
(1220–1256 ◦C at 4190–4350 m). Interestingly, the temperature 
variation (1096–1353 ◦C) at depths of >1900 m is much larger 
than that from shallower (1097–1156 ◦C; 593–1666 m).
The inverted cooling rates (0.003–10.2 ◦C/yr; Fig. 6d) display 
a ∼3.5 orders of magnitude variation across the lower oceanic 
crust. No evident correlations were found between the cooling 
rates and plagioclase dimensions (Table S2). Excluding the high-
est value (10.2 ◦C/yr) at 2698 m, cooling rates do not show sig-
niﬁcant differences between samples with or without REE data 
(0.006–0.80 ◦C/yr vs. 0.003–2.26 ◦C/yr). Similar to the initial tem-
peratures, cooling rates near the DGT also show a considerable 
variation (0.024–2.26 ◦C/yr) at a narrow depth interval (0–56 m), 
indicating eﬃcient heat extraction. In addition to the highest value 
at 2698 m, anomalously rapid cooling rates (0.372–1.13 ◦C/yr) also 
appear at 2198–3193 m, suggesting localized high heat extraction 
172 C. Sun, C.J. Lissenberg / Earth and Planetary Science Letters 487 (2018) 165–178Fig. 6. Plots showing (a) Mg and REE bulk closure temperatures of Hess Deep samples as a function of plagioclase anorthite contents, (b) the closure temperature differences 
against REE bulk closure temperatures, and (c)–(d) stratigraphic variations of the inverted initial temperatures and cooling rates. The straight line in (a) denotes the linear 
regression of REE bulk closure temperatures against plagioclase anorthite contents, and the gray region in (a) indicates the ±20 ◦C standard error. Arrows in (a) and (b) 
indicate the direction of decreasing cooling rates for a given initial temperature. The grey region in (b) displays the total range of Dodson limits associated with modal 
abundances and grain sizes of individual Hess Deep samples at an initial temperature of 1400 ◦C. The conductive (orange curve) and hydrothermal (light blue region) cooling 
proﬁles in (d) are taken from the thermal modeling results of Maclennan et al. (2005). Faak15 in (d) denotes the cooling rates of Hess Deep samples reported in Faak et al.
(2015). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)rates in the deep lower oceanic crust. With the increase of strati-
graphic depth, cooling rates at 593–2066 m manifest an overall 
decrease from 0.266 to 0.009 ◦C/yr, whereas those at 3115–4350 m 
appear to broadly increase from 0.003 to 0.155 ◦C/yr. Although the 
Hess Deep samples used in Faak et al. (2015) essentially have no 
overlaps with ours at depths below DGT, their Mg-in-plagioclase 
speedometry results (grey dots in Fig. 6d) appear to be systemati-
cally lower than the cooling rates of this study, possibly due to the 
reasons outlined in Introduction. Interestingly, our cooling rates 
are generally consistent with the Ca-in-olivine speedometry results 
for Oman ophiolite samples reported in VanTongeren et al. (2008; 
hollow triangles in Fig. S5) but are about two to three orders of 
magnitude greater than those of Coogan et al. (2007; hollow dia-
monds in Fig. S5).
To examine the discrepancies in cooling histories induced by 
the choice of Mg-exchange thermometers, we also calculated the 
initial temperatures and cooling rates for our Hess Deep samples 
using the thermometer of Faak et al. (2013) together with the 
silica activity model of Faak et al. (2015). Theoretically, Faak et 
al.’s silica activity model is only valid for gabbros with coexisting 
olivine and orthopyroxene, which just cover 5 of our 46 sam-
ples. Following the assumption of Faak et al. (2015), we applied 
Faak et al.’s silica activity model to all our Hess Deep samples re-
gardless of the coexistence of olivine and orthopyroxene. Because extrapolation of Faak et al.’s thermometer from their calibration 
range (1100–1200 ◦C) to lower temperatures results in systematic 
underestimations (cf. inset in Fig. 3b), the new set of Mg bulk 
closure temperatures (787–1100 ◦C) are about 29–114 ◦C lower 
than those derived from Eq. (6) (Table S2; Fig. S6a) and there-
fore have larger deviations from the REE bulk closure temperatures 
(Fig. S6b). Consequently, 13 of the 46 samples are above the Dod-
son limits and hence cannot be used in our speedometer. For the 
other 33 samples, the new initial temperatures (998–1366 ◦C) are 
about 0–138 ◦C higher than those calculated using our own Mg-
exchange thermometer (Eq. (6)), whereas the new cooling rates 
(0.0003–0.871 ◦C/yr) are about 0.3–2.4 orders of magnitude lower 
(Table S2). Stratigraphic variations of the initial temperatures and 
cooling rates remain similar patterns between the two sets of re-
sults (Fig. 6 vs. Fig. S6c–d).
3.4. Implications for ocean crust formation at fast-spreading ridges
The initial temperatures of our samples deﬁne the ﬁrst stratig-
raphy of cumulate crystallization temperatures for the fast-
spreading lower oceanic crust. The lowest temperature (998 ±
20 ◦C at the DGT) indicates a highly evolved parental melt in 
the shallow magma chamber beneath the ridge axis, consistent 
with the low An and Mg# (cf. Fig. 5a) as well as earlier petro-
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structure derived from seismic tomography assuming the effects of anharmonicity and anelasticity. Blue curves with arrows indicate hydrothermal circulations near the 
ridge axis for eﬃciently removing heat across the entire crust. Thick white arrows denote the directions of mantle ﬂows and spreading plates. The axial magma chamber 
is stable during crustal formation, whereas off-axial magma lenses likely solidify on timescales of hundreds to thousands of years except for those with successive melt 
replenishments. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)logical evidence (Natland and Dick, 1996). Given the overall low 
temperatures at the DGT (998–1125 ◦C), the magma chamber be-
neath the ridge axis is likely dominated by continuous replen-
ishment and fractional crystallization of relatively evolved melts 
from the deeper crust. The highest temperature (1353 ± 60 ◦C at 
3523 m) agrees well with the temperatures of primary MORB 
basalts (1300–1400 ◦C; e.g., Lee et al., 2009), indicating the inﬂux 
of mantle-derived primitive melts in the lower crust. The up-
ward decrease in the initial temperature suggests that the deeper 
section (>2000 m) conﬁnes the temperature of melts delivered 
shallower. Many small-scale temperature variations in the deeper 
section may be attributed to vigorous convection of a large, deep-
seated cooling magma chamber, which, however, is against the 3-D 
seismic observations at EPR (e.g., Han et al., 2014). More likely, 
these small-scale variations indicate accumulation and in situ so-
lidiﬁcation of replenished melts in small magma bodies (e.g., tens 
to hundreds of meters) at various depths, as advocated by the 
multiple-sill model (e.g., Nicolas et al., 1988; Kelemen et al., 1997;
Lissenberg et al., 2004; Maclennan et al., 2005; VanTongeren et al., 
2008, 2015; Natland and Dick, 2009).
The inverted cooling rates are compatible with the hydrother-
mal cooling models of Maclennan et al. (2005; Fig. 6d) but about 
one to two orders of magnitude greater than those derived from 
the conductive cooling model of Maclennan et al. (2005; Fig. 6d). 
We note that Maclennan et al.’s hydrothermal models employed 
adjustable heat extraction rates to match the thermal structures 
derived from the 2-D seismic tomography in Dunn et al. (2000). 
Instead, using permeability to explicitly regulate porous hydrother-
mal ﬂows in the thermal modeling, Cherkaoui et al. (2003) sug-
gested that a permeability of ∼4 × 10−14 m2 or greater is required 
to reproduce the thermal structure of Dunn et al. (2000). Such 
high permeability could result in cooling rates of ∼0.1 ◦C/yr. Over-
all, cooling rates derived from both hydrothermal models recover 
most Hess Deep samples across the lower crust (Fig. 6d). Anoma-lously rapid cooling rates (0.372–10.2 ◦C/yr) at 2198–3193 m may 
be attributed to (1) localized hydrothermal ﬂows induced by 
faults/shear zones and/or (2) small magma bodies emplaced in the 
colder off-axial lower crust possibly related to the brittle-ductile 
transition. Both are equally feasible mechanisms, but recent 3-D 
seismic observations at EPR (e.g., Han et al., 2014) favor the latter. 
Although signiﬁcant uncertainties are likely involved in the ther-
mometer of Faak et al. (2013) at lower temperatures (<1100 ◦C; 
see inset in Fig. 3b), cooling rates calculated using Faak et al.’s 
thermometer remains signiﬁcantly elevated above the conductive 
cooling model (cf. Fig. S6d). This indicates that the role of crustal-
scale hydrothermal circulations cannot be neglected regardless of 
the choice of Mg-exchange thermometers.
Together with existing petrological, geochemical and seismic 
observations, the new speedometry results allow us to delineate 
a new picture of lower crust formation at fast-spreading mid-
ocean ridges (Fig. 7), which involves axial and off-axial magma 
bodies (e.g., Han et al., 2014) and a crustal-scale mush zone (e.g., 
Lissenberg et al., 2013; Lissenberg and MacLeod, 2016). As indi-
cated by the stratigraphic variations of cooling histories, the mush 
zone is supplied by mantle-derived primary melts from the bot-
tom and is eﬃciently cooled by hydrothermal circulations across 
the entire lower crust. The replenished melts likely transport re-
actively through the mush zone, yielding complex zoning in cu-
mulus plagioclase (e.g., Lissenberg et al., 2013). Accumulation and 
in situ crystallization of replenished melts in small magma bodies 
at various depths disturb the stratigraphy of cumulus crystalliza-
tion temperatures. Possibly because of the brittle-ductile transition, 
the replenished melts may escape from the mush zone to generate 
off-axial magma lenses. However, high-porosity melt channels also 
likely appear in the mush zone for delivering relatively primitive 
melts to the ridge axis (e.g., Natland and Dick, 2009). Assuming a 
termination temperature of 1000 ◦C, the mush zone may extend to 
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4. Concluding remarks
Understanding formation of the lower oceanic crust at spread-
ing mid-ocean ridges requires the knowledge of igneous accre-
tion and cooling styles. These two fundamental aspects can be 
constrained quantitatively using the initial temperatures and cool-
ing rates derived from the newly developed Mg–REE coupled 
geospeedometry for plagioclase- and clinopyroxene-bearing cu-
mulate rocks. When considered together with geochemical and 
geophysical observations, results of the Mg–REE speedometry on 
oceanic cumulates from the lower crust of EPR at Hess Deep re-
veal that crustal formation at fast-spreading ocean ridges proceeds 
with hydrothermal circulations across the entire crust, replenish-
ment of mantle-derived melts, and in situ solidiﬁcation of many 
small magma bodies at various depths in a crustal-scale mush zone 
beneath the ridge axis.
Several points, however, are worth of noting for the Mg–REE 
coupled speedometry. As cooling rates and initial temperatures de-
rived from this speedometer are mean quantities based on bulk 
(or integrated) diffusion of Mg and REE between coexisting pla-
gioclase and clinopyroxene, average mineral compositions are re-
quired for better representing the bulk closure concentrations. The 
bulk mineral compositions may embrace imprints of melt-rock in-
teraction and/or fractional crystallization to various extents, but 
the inverted initial temperatures remain meaningful as mean tem-
peratures of latest equilibrium events prior to cooling, considering 
the very slow diffusion of REE in plagioclase and clinopyroxene 
(Fig. A.1d). Although Mg and REE diffusivities in plagioclase de-
pend on anorthite contents (Fig. A.1d), it is diﬃcult to quantify the 
average zoning proﬁles for bulk diffusion modeling because vari-
ous plagioclase zonations are often observed in individual gabbros. 
As different zonations are integrated in the bulk closure concen-
trations, this bulk-diffusion speedometry practically reduces the 
overall inﬂuence of anorthite zoning from individual plagioclase 
crystals. In any case, the greatest inﬂuence is expected for samples 
with uniform zoning patterns in all plagioclase crystals. According 
to the numerical simulations in Sun and Liang (2017), using an 
averaged composition (An68 in their case) for normally zoned pla-
gioclase (An62–77) only results in a ∼20 ◦C overestimation in Mg 
bulk closure temperatures, marking an uncertainty of a factor of 
two in cooling rates (cf. Fig. 2). Given the 3.5 orders of magnitude 
variations in cooling rates observed in our samples (Fig. 6d), the 
effect of anorthite zoning on our speedometry is considered sec-
ondary.
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Appendix A. Modeling diffusion in plagioclase–clinopyroxene 
aggregates
A.1. Diffusion model
In a plagioclase–clinopyroxene aggregate, diffusive re-distribu-
tion of an element of interest in individual mineral grains can be 
calculated through the familiar equation,∂C jm
∂t
= 1
rω−1
∂
∂r
(
D jm · rω−1 ∂C
j
m
∂r
)
, (A.1)
where C is the concentration of an element of interest ( j), m de-
notes plagioclase (plg) or clinopyroxene (cpx), t is time, r is spa-
tial coordinate from the center of the crystal, D is the diffu-
sion coeﬃcient (see Appendix A.4 for the relevant diffusion laws), 
and ω denotes the geometry (1 for plane sheet, 2 for cylinder, 
and 3 for sphere). Following the widely used spherical approx-
imation in previous studies (e.g., Eiler et al., 1992; LaTourrette 
and Wasserburg, 1998; Cherniak, 2003; Van Orman et al., 2014;
Watson and Cherniak, 2015), we set ω = 3 in our numerical sim-
ulations for the Mg–REE coupled geospeedometer. Assuming fast 
grain boundary diffusion and mass conservation, the diffusive ex-
change between the two minerals can be written as
φplg
D jplg
Lplg
∂C jplg
∂r
∣∣∣∣
r=Lplg
= φcpx D
j
cpx
Lcpx
∂C jcpx
∂r
∣∣∣∣
r=Lcpx
, (A.2)
where φ denotes the mineral modal abundance, and L is the effec-
tive grain radius. The mineral modes and grain sizes are assumed 
to be constant during cooling. For plagioclase (or clinopyroxene) in 
individual samples, the average grain radius of genetically linked 
crystals can be taken as the effective grain radius. At the grain 
boundary between plagioclase and clinopyroxene, the concentra-
tions of the element are determined by its partition coeﬃcient (K ),
K jplg/cpx =
C jplg|r=Lplg
C jcpx|r=Lcpx
. (A.3)
Eq. (5) was used to describe Mg partition coeﬃcients, while the 
partitioning model of Sun and Liang (2017) was used to calculate 
REE partition coeﬃcients. Given the extremely slow diffusion of 
CaAl–NaSi in plagioclase (Grove et al., 1984) and Al in clinopyrox-
ene (Sautter et al., 1988), the dominant compositional factors (i.e., 
anorthite in plagioclase and Tschermak components in clinopy-
roxene) for Mg and REE partitioning can be treated as constants 
during cooling.
A.2. Cooling path and effective cooling rate
Following Dodson (1973), we described the monotonic cooling 
proﬁle as a reciprocal function of time in our diffusion simulations,
1
T
= 1
T0
+ η · t, (A.4)
η = 1
T 20
dT
dt
∣∣∣∣
T0
= 1
T 2c
dT
dt
∣∣∣∣
Tc
, (A.5)
where T0 is the initial temperature of the last equilibrium event; η
is a cooling constant determined by the cooling rate (dT /dt) at the 
initial temperature; and Tc is the bulk closure temperature of the 
element. Due to the reciprocal relation between temperature and 
time, cooling rates slightly decrease at lower temperatures and can 
be adjusted according to equation (A.5).
Since the major interest of diffusion modeling is to extract in-
formation of the cooling path, the diffusion equation (Eq. (A.1)) 
could be rearranged with respective to temperature by applying 
the chain rule and nondimensionalizing the radial coordinate,
∂C jm
∂T
=
(
1
L2mdT /dt
)
1
r2
∂
∂r
(
D jm · r2 ∂C
j
m
∂r
)
. (A.6)
Note that the product of L2 and dT /dt can be treated as a sin-
gle term bearing the meaning of cooling rates for each mineral. 
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in natural rocks, using the grain radius of clinopyroxene as a ref-
erence, we can then deﬁne [L2cpx · dT /dt] as the effective cooling 
rate (S∗) for the plagioclase–clinopyroxene system. Accordingly, af-
ter nondimensionalizing the radial coordinate, diffusion equations 
for plagioclase and clinopyroxene thus become
∂C jplg
∂T
=
(
1
S∗
)
1
r2
∂
∂r
( D jplg · r2
(Lplg/Lcpx)2
∂C jplg
∂r
)
, (A.7a)
∂C jcpx
∂T
=
(
1
S∗
)
1
r2
∂
∂r
(
D jcpx · r2
∂C jcpx
∂r
)
. (A.7b)
An obvious advantage of this new deﬁnition of effective cooling rate
is that it can simplify the numerical simulations by reducing the 
three independent factors, dT /dt , Lcpx, and Lplg, to two variables, 
S∗ and Lplg/Lcpx.
A.3. Numerical methods
The diffusion equation (Eq. (A.1)) for each crystal in the 
plagioclase–clinopyroxene aggregate was discretized using a ﬁnite 
difference scheme with both time and space properly centered,
− (εi+1n−1/2)Ci+1n−1 + (1+ εi+1n−1/2 + εi+1n+1/2)Ci+1n − (εi+1n+1/2)Ci+1n+1
= (εin−1/2)Cin−1 + (1− εin−1/2 − εin+1/2)Cin + (εin+1/2)Cin+1,
(A.8)
ε
i,cpx
n±1/2 =
t
2r2n(r)2
Di,cpxn±1/2r
2
n±1/2, (A.9)
ε
i,plg
n±1/2 =
t
2r2n(r)2
Di,plgn±1/2
(Lplg/Lcpx)2
r2n±1/2, (A.10)
where i and n denote the time and space steps, respectively; 
t is the difference between adjacent time steps; and r is the 
difference between neighboring space steps. Applying this ﬁnite-
difference scheme with 100 mesh intervals to diffusion in mono-
mineral systems, we found that it can reproduce the closure tem-
peratures calculated using the equation of Ganguly and Tirone
(1999) to within ±10 ◦C.
At each time step along the imposed cooling path, we then nu-
merically solved the concentration proﬁles of both crystals in the 
plagioclase–clinopyroxene aggregate. The apparent partition coef-
ﬁcient (K¯ ) for element j between the two minerals were then 
calculated using the following expression,
K¯ jplg/cpx =
1
L3plg
∫ Lplg
0 C
j
plgdr
3
1
L3cpx
∫ Lcpx
0 C
j
cpxdr3
, (A.11)
where the numerator and denominator indicate the average con-
centrations of element j in plagioclase and clinopyroxene, respec-
tively. As the rate of diffusive exchange decreases during cooling, 
the apparent partition coeﬃcient gradually deviates from the equi-
librium value and eventually becomes asymptotic, indicating the 
closure of diffusive exchange. The bulk closure temperature can 
then be calculated using relevant exchange thermometers and the 
asymptotic value of apparent partition coeﬃcients. Because heavy-
and some middle-REE in plagioclase are often diﬃcult to analyze 
accurately, the average bulk-closure temperature for light REE is 
taken as the measurable bulk closure temperature of REE.A.4. Magnesium and REE diffusivities
The diffusive re-distribution of an element (e.g., Mg or REE) in 
plagioclase or clinopyroxene is a chemical diffusion process driven 
by the gradient of chemical potential across the crystal. The cor-
responding diffusion coeﬃcient (i.e., chemical diffusivity; D) is 
related to the tracer (or self-) diffusion coeﬃcient (D∗) through 
D = D∗(1 + ∂ lnγ /∂ lnC ), where C is the concentration of the el-
ement, γ is the activity coeﬃcient, and (1 + ∂ lnγ /∂ lnC ) is the 
thermodynamic factor (e.g., Darken, 1948). Because REE and Mg 
are trace elements in plagioclase, their thermodynamic factors can 
be approximately treated as unity, and therefore their tracer (or 
self-) diffusion coeﬃcients are effectively the chemical diffusion 
coeﬃcients. This is also the case for REE in clinopyroxene, but 
does not remain true for Mg in clinopyroxene (e.g., Zhang et al., 
2010). Practically, the interdiffusion coeﬃcients of Mg–Fe–Ca in 
clinopyroxene at the relevant composition are often used as chem-
ical diffusion coeﬃcients for modeling of Mg and Fe diffusion in 
clinopyroxene (e.g., Müller et al., 2013).
Experimentally measured Mg diffusivities in plagioclase have 
been reported in three studies (LaTourrette and Wasserburg, 1998;
Faak et al., 2013; Van Orman et al., 2014). The diffusion data 
of LaTourrette and Wasserburg (1998) were collected for a ﬁxed 
plagioclase composition (An95) at 1200–1400 ◦C, while those of 
Faak et al. (2013) were obtained for plagioclase with An50−70
at 1100–1200 ◦C and different silica activities. The Mg diffusion 
data of Van Orman et al. (2014) cover plagioclase compositions 
of An23−93 and temperatures of 798–1150 ◦C under silica-saturated 
conditions and appear to have a strong dependence upon the anor-
thite content in plagioclase. Using their newly measured diffusion 
data and those reported in LaTourrette and Wasserburg (1998), 
Van Orman et al. (2014) developed a generalized Arrhenius equa-
tion for Mg diffusion coeﬃcients in plagioclase with An23−95 at 
798–1400 ◦C,
ln DplgMg = −6.06(±1.10)−
287(±10) kJ/mol
RT
− 7.96(±0.42)XAn.
(A.12)
However, Faak et al. (2013) argued that Mg diffusivities in plagio-
clase are independent of anorthite contents but are mainly deter-
mined by silica activity in addition to temperature. Using their Mg 
diffusion data for An50−70 and 1100–1200 ◦C and unpublished data 
from their own group, Faak et al. (2013) calibrated an Arrhenius 
expression to describe Mg diffusivities in plagioclase as a function 
of temperature and silica activity,
ln DplgMg = −9.0−
321 kJ/mol
RT
− 2.6 lnaSiO2 . (A.13)
Note that Eq. (A.13) is the logarithmic form of Eq. (42) of Faak 
et al. (2013) and that no ﬁtting uncertainties were provided for 
coeﬃcients in Faak et al.’s original equation.
To further examine the accuracies of these two models (Eqs. 
(A.12)–(A.13)), we applied both to existing Mg diffusivities from 
the aforementioned experimental studies (Fig. A.1a–b). The model 
of Faak et al. (2013; Eq. (A.13)) generally reproduces the Mg dif-
fusivities from their own experiments (An = 50–70) as well as 
those from Van Orman et al. (2014) for An43 and An67 (Fig. A.1b); 
however, signiﬁcant discrepancies appear in the diffusion data for 
An23 and An93. The model of Van Orman et al. (2014; Eq. (A.12)) 
well reproduces the Mg diffusivities used for their model calibra-
tion (LaTourrette and Wasserburg, 1998; Van Orman et al., 2014)
as well as those from diffusion experiments of Faak et al. (2013)
with excess silica (Fig. A.1a); however, systematic overestimations 
176 C. Sun, C.J. Lissenberg / Earth and Planetary Science Letters 487 (2018) 165–178Fig. A.1. Comparisons between model-predicted diffusion coeﬃcients of Mg (a–b) and REE (c) in plagioclase and experimentally determined values from diffusion experiments 
in the literature, and Arrhenius plot (d) showing Mg (dashed lines; Eq. (A.14)) and REE diffusion coeﬃcients in plagioclase (solid lines; Eq. (A.12)) as a function of anorthite 
content in plagioclase at 1200 ◦C (orange) and 1000 ◦C (blue). Dark grey lines in (a–c) indicate the 1:1 correlation lines, while thin grey lines outline a factor of two variations. 
Error bars show the uncertainties reported in the literature (a–c) as well as the standard errors derived from the regression analyses (c). LW1998 denotes the data from 
LaTourrette and Wasserburg (1998). For comparison, Mg diffusion coeﬃcients in plagioclase are reduced by three orders of magnitude in (d). Arrows in (d) denote Mg (Müller 
et al., 2013) and REE diffusion coeﬃcients (Van Orman et al., 2001) in clinopyroxene at 1200 ◦C (orange) and 1000 ◦C (blue). (For interpretation of the references to color in 
this ﬁgure legend, the reader is referred to the web version of this article.)are manifested by the silica-free experiments of Faak et al. (2013). 
We note that the overestimations of the silica-free diffusion data 
by Van Orman et al.’s model are 1.01 ± 0.18 orders of magnitude, 
independent of the coexisting matrixes (clinopyroxene or gabbro) 
of plagioclase. Therefore, we can describe all existing Mg diffusion 
data for plagioclase through a modiﬁed expression of Van Orman 
et al. (2014),
ln DplgMg = −6.06(±1.10) −
287(±10) kJ/mol
RT
− 7.96(±0.42)XAn
− 2.33(±0.41)(1− δ), (A.14)
where δ is a step function indicating the absence (δ = 0) or pres-
ence (δ = 1) of silica in the petrological system. As silica is not a 
typical mineral in oceanic gabbros, δ in Eq. (A.14) is set as zero for 
our diffusion modeling.
The only existing REE diffusion data for plagioclase were ex-
perimentally measured in Cherniak (2003) for three different pla-
gioclase crystals (An23, An66, and An93) at 925–1350 ◦C. A striking 
feature of the REE diffusion data is their strong negative correlation 
with the anorthite content in plagioclase. Through multiple lin-
ear regression analysis, we found that all REE diffusion data from 
Cherniak (2003) can be described by the following Arrhenius equa-
tion,
ln
RE
ex
tw
un
di
In
sim
so
∼
m
19
re
1.0
W
ni
di
in
ha
ex
br
gaDplgREE = −3.21(±2.55)−
437(±26) kJ/mol
RT
−5.56(±0.84)XAn.
(A.15)
E diffusion coeﬃcients predicted by Eq. (A.15) differ from the 
perimentally determined values generally by within a factor of 
o (Fig. A.1c). The differences are comparable to the reported 
certainties in Cherniak (2003). Eq. (A.15) is then used in our 
ffusion model (Eq. (A.1)) to simulate REE diffusion in plagioclase. 
terestingly, Mg and REE diffusion coeﬃcients in plagioclase show 
ilar dependence on plagioclase anorthite contents, but the ab-
lute values of the former are greater than those of the latter by 
2–4 orders of magnitude (Fig. A.1d).
Interdiffusion coeﬃcients of Ca–Mg–Fe in clinopyroxene were 
easured in three experimental studies (Brady and McCallister, 
83; Dimanov and Wiedenbeck, 2006; Müller et al., 2013). The 
cent measurements of Müller et al. (2013) for diopside (XCa =
 per six-oxygen) at 1 atm are similar to those of Dimanov and 
iedenbeck (2006); however, both are about one order of mag-
tude greater than Brady and McCallister’s measurements. The 
fferences may be attributed to the low-Ca clinopyroxene used 
 Brady and McCallister (1983) (XCa = 0.5 per six-oxygen) or per-
ps to the higher pressure (2.5 GPa) of Brady and McCallister’s 
periments. Nevertheless, Müller et al.’s diffusion data cover a 
oader range of temperatures and are more relevant to oceanic 
bbros regarding the clinopyroxene composition and pressure. 
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in our diffusion model to simulate Mg diffusion in clinopyrox-
ene. With the increase of anorthite content in plagioclase (e.g., 
An = 20–100), the relative differences in Mg diffusivities between 
clinopyroxene and plagioclase are reduced from about three orders 
of magnitude to less than a factor of two (Fig. A.1d).
Tracer diffusion coeﬃcients of REE in clinopyroxene have been 
reported in two experimental studies (Sneeringer et al., 1984;
Van Orman et al., 2001). With a more complete list of REE in a nat-
ural clinopyroxene crystal, Van Orman and coworkers showed that 
REE diffusion coeﬃcients in clinopyroxene decrease systematically 
with the increase of REE ionic radii (Fig. A.1d). The compositional 
effect, if any, on REE diffusivities in clinopyroxene is unknown due 
to the lack of diffusion data for variable clinopyroxene composi-
tions. Thus, the Arrhenius equations of Van Orman et al. (2001)
for individual REE are then implemented in our diffusion model 
to describe REE diffusivities in clinopyroxene, which are generally 
greater than those in plagioclase by up to three orders of magni-
tude (Fig. A.1d). Compared with the interdiffusion coeﬃcients of 
Ca–Mg–Fe from Müller et al. (2013), REE diffusivities in clinopy-
roxene are ∼1–3 orders of magnitude smaller (Fig. A.1d).
Appendix B. Supplementary material
Supplementary material related to this article can be found on-
line at https://doi.org/10.1016/j.epsl.2018.01.032.
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